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The fox is one of the major vectors of wildlife rabies in North America (Johnson 1969 , Johnston and Beauregard 1969, U.S. DHEW 1972). The dynamics of the foxrabies system results from the interacting life history processes of the host and disease. Though many of these processes are reasonably well documented, their holistic behavior does not lend itself to experimental analysis. Since the human health hazard makes most field experiments unfeasible, most rabies research has been limited to clinical studies and field surveillance. Computer simulation provides a useful alternative analytic method.
In this study, a computer simulation model was constructed to examine the epizootiology of rabies in the red fox. The model constitutes one of the many hypothetical frameworks which could be proposed to describe the major interactions in a rabies controlled fox population. By comparing the behavior of the model with that observed in natural populations, the credibility of this hypothetical framework can be assessed. 
THE COMPUTER MODEL
A number of simplifying assumptions were necessary in constructing the computer model. I attempted to summarize processes important to the dynamics of the fox-rabies system to the extent that they are currently understood. Where critical information was lacking, assumptions were based on the best estimates of individuals knowledgeable in the field.
The model was constructed so that spatial as well as temporal relationships could be 502 SIMULATED RABIES-CONTROLLED Fox POPULATION ?
Preston observed. The fox population was divided into 121 subpopulations on an 11 x 11 grid. Each grid square was five miles (8.045 km) on a side so each subpopulation occupied a 25 mile2 (64.75 km2) area and the total fox population occupied 3,025 miles2 (7,834.75 kmi2). Though largely autonomous, subpopulations were allowed to exchange individuals according to prescribed conventions. The fox population was subdivided into four categories: adult males, juvenile males, adult females, and juvenile females. Foxes less than 1 year old were considered juveniles. Spacing, reproduction, dispersal, disease transmission, and incubation were characterized individually in five subroutines. The temporal relationship in their execution was coordinated by the main program. The computer program was written in FORTRAN IV for execution on the University of Minnesota's CDC 6600 computer.
Spacing
Data on home range characteristics of the red fox were recently summarized by Sargeant (1972). The movements of resident family groups are typically restricted to well-defined areas and the home ranges of adjacent groups are nonoverlapping. The families tend to occupy home ranges of 1-3 miles2 (2.59-7.77 km2) in size depending on population density. Though the upper limit to home range size has not been established, this probably does not exceed 5 miles2 (A. B. Sargeant, personal communication; Seton
1929:475).
Subroutine FLODIS was constructed to mimic the spacing process. In FLODIS, a subpopulation density in a particular grid position was compared with all surrounding subpopulations. If conditions were appropriate, animals from surrounding grid positions could move to the central subpopulation. Each subpopulation was considered in linear sequence until all had had the opportunity to receive immigrants. The conventions observed and their justifications are discussed below.
1. Since home range boundaries are generally defined with respect to family units consisting of mated pairs and their pups, these were considered the basic units of population density (Scott 1943 , Sargeant 1972 Reproduction was simulated with subroutine REPRO incorporating the following conventions.
1. Each subpopulation in the 11 x 11 grid was allowed to reproduce in linear sequence once with each execution of REPRO.
2. The proportion of barren females in each subpopulation was assumed density dependent in accordance with the data in Table 1 The proportion of resident susceptibles that is bitten by a rabid fox crossing an area is unknown. This may depend on the aggressiveness of the rabid animal and the response of the normal fox to the intruder.
Since so many aspects of the transmission process are poorly quantified, the transmission submodel, DISTRA, was constructed so that most parameters could be easily varied in successive runs and their effect on the model's behavior evaluated. The following conventions were observed.
1. The input parameters were the frequency of the furious form of the disease (F) and the proportion of animals contracting rabies in each grid position traversed by a "furious" fox (Pl).
2. Only rabid foxes displaying furious symptoms could transmit the disease. 
Incubation
Subroutine ADVDIS was constructed to mimic passage of infected animals through their incubation period. Though the specific distribution of incubation period frequencies is not known, mean incubation period is around one month (Parker and Wilsnack 1966) . In some cases it may last as long as 285 days but is usually less than 3 months (Schoening 1956:195) . In ADVDIS, a Poisson distribution of incubation frequencies with a mean of one month was assumed.
The incubation period was divided into 8 monthly intervals. At the end of each month, each rabid animal either developed symptoms or progressed to the next incubation interval. The choice was determined by random draw from a uniform distribution (0.0-1.0) assuming the probability of developing symptoms at the given incubation interval as was shown in Fig. 2 . All individuals which had passed through a symptomatic period died and were subtracted from the population.
Coordination of Subroutines
The main program (Fig. 3) was used to read input variables and coordinate the execution of subroutines. Reproduction was assumed to occur in March and dispersal in October. All other subroutines were executed monthly.
SIMULATION EXPERIMENTS
Simulations were conducted to evaluate the model's sensitivity to changes in input parameters and to determine the functional relationship between these parameters. The following starting conditions were standard.
1. Eight adult heterosexual pairs were present in each grid position. Thus average home range size was 8.11 km2 (3.13 miles2).
2. Half the foxes of each sex in the northwestern-most 3 x 3 subgrid were assumed rabid (3.7 percent of the total population). The dynamics of the disease and fox population were then followed in simulated time.
The effects of varying P1 (the proportion of individuals contracting rabies as a result of an encounter with a "furious" fox) on the model's behavior are illustrated in Fig. 4 . For these runs, the frequency of the furious PI values between 0.005 and 0.025 resulted in cyclic oscillations in normal and rabid fox numbers but both rabies and foxes persisted indefinitely. Rabies outbreaks occurred at regular intervals. Their severity was proportional to the P1 value assumed in the simulation and to the number of susceptibles in the population at the start. For a particular simulation run, the interval between outbreaks of any given severity depended on the time required to restore the fox population after the previous outbreak.
A P1 of 0.015 (Fig. 4 C) resulted in yearly rabies cycles of nearly constant severity and the fox population was regulated at densities which might be found in nature (1 pair/3 miles2). During each cycle, rabies caused sufficient mortality to just balance yearly reproduction. With a Pl of 0.020 (Fig. 4 D) , the fox population was also controlled within the range of typical field densities, but there was a shift to a 3-year rabies cycle. In this case, the population was decimated during the first rabies outbreak and 2 years were required to restore it sufficiently to initiate another. Next, a series of simulations was conducted to assess the effects of varying F (the frequency of the furious form in rabid foxes). I found that once the F value had been selected, curves analogous to those in 
Spatiotemporal Dynamics
The spatiotemporal character of rabies eruptions in localized areas can be readily observed in the computer model. To illustrate, the spatial distribution of rabies among the 121 subpopulations was followed for 1 year. Population starting conditions were standard. The distribution of the disease is summarized at monthly intervals in 
DISCUSSION
These simulation exercises permit evaluation of several aspects of the fox-rabies problem. First, they could be helpful in establishing research effort priorities. Though the model's behavior was highly dependent on the frequency of symptomatic forms of rabies, the quality and quantity of movement by rabid animals, and the contact rate between susceptibles and infectives, the relevant data from natural populations are not available.
Second, the simulations illustrate that many aspects of observed rabies epizootiology could result from a simple, density-dependent bite transmission mechanism. A number of workers have suggested that rabies could not be maintained in nonepizootic form by bite transmission because: (1) many exposed individuals do not become rabid, (2) not all rabid individuals become infective, (3) the infective period apparently lasts only a few days. Therefore, they contend, the transmission rate would be prohibitively low (Johnson 1969:133) . Since the contact frequencies which permit rabies to persist indefinitely in the computer model are known, this hypothesis can be evaluated. Assuming that 50 percent of the rabid animals become infective (F -0.50) and that all exposed individuals contact rabies, contact frequency must range from 0.005 to 0.025 for rabies to persist (Fig. 4) . However, Schoening (1956:195) reported that only 35-45 percent of exposed individuals become rabid. Assuming 40 percent of exposed animals contract rabies, the necessary contact frequency range becomes 0.0125-0.0625. Thus the bite transmission mechanism is well adapted to fox populations with low interindividual contact rates. More complex mechanisms involving reservoir species, etc. need not be invoked unless contact rates are extremely low.
Finally, the simulations can be used to evaluate rabies control strategies. To do this most effectively, additional programming would be necessary to incorporate the details of particular strategies. However, some general inferences follow directly from the model's original form.
Control strategies are usually concerned with minimizing disease transmission by reducing the number or proportion of susceptible individuals in the population. This might be accomplished through immunization or a systematic program of population reduction. In terms of disease transmission in the computer model (DISTRA convention 6), the two can be represented identically:
No. cases = P1 x PS x SS x (1-PPT), where P1 is as previously defined, PS is the proportion of susceptibles in the subpopulation before treatment, SS is subpopulation size, and PPT is the proportion of the population treated (either immunized or removed). PS and SS will vary between subpopulations, but for a particular simulation run, P1 and PPT can be treated as constants. For any specified combination of input parameter (F and Pl) values, PPT can be varied in successive runs and the effect of control efforts of different intensities determined. For example, assume the 3-year rabies cycle in Fig. 4 D was observed in an area and one wished to determine the intensity of control effort necessary to produce the "no effect" condition in 
0.020
Therefore, to eliminate rabies from an area having the enzootic 3-year cycle, 75 percent of the population must be immunized or removed. The control effort required to cause any other shift in observed rabies behavior could be determined in a similar manner.
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